Various aerolysin-like pore-forming proteins have been identified from bacteria to vertebrates. However, the mechanism of receptor recognition and/or pore formation of the eukaryotic members remains unknown. Here, we present the first crystal and electron microscopy structures of a vertebrate aerolysin-like protein from Danio rerio, termed Dln1, before and after pore formation. Each subunit of Dln1 dimer comprises a b-prism lectin module followed by an aerolysin module. Specific binding of the lectin module toward high-mannose glycans triggers drastic conformational changes of the aerolysin module in a pH-dependent manner, ultimately resulting in the formation of a membrane-bound octameric pore. Structural analyses combined with computational simulations and biochemical assays suggest a pore-forming process with an activation mechanism distinct from the previously characterized bacterial members. Moreover, Dln1 and its homologs are ubiquitously distributed in bony fishes and lamprey, suggesting a novel fish-specific defense molecule.
Introduction
Pore-forming proteins (PFPs) have been identified in various organisms from all kingdoms of life [1] . They are powerful biological weapons that kill target cells by forming transmembrane pores for different purposes, including defense, attack, and/or signaling [1] .
They are usually synthesized as a water-soluble pre-form protein, which is able to oligomerize into a ring-like complex that penetrates the target cell membrane, leading to the leakage of intracellular matrix and eventually the death of the target cell [2] . The wellcharacterized bacterial PFPs are able to kill the host cells and/or other species of bacteria [2] , thereby also termed pore-forming toxins (PFTs). Based on the secondary structure elements that insert into the target membrane, bacterial PFTs have been classified into two groups: a and b-PFTs [3] . The latter, which represents the majority of characterized PFTs, covers three main families: the cholesterol-dependent cytolysin (CDC), staphylococcal a-toxin, and aerolysin [3] .
In contrast to bacterial PFTs, the eukaryotic PFPs exhibit very diversified functions. For example, human apoptosis-related Bcl2-like proteins form pores on mitochondrial outer membrane [4] , whereas the amyloid-forming proteins may form pores on human neuronal membrane, leading to the death of neurons and eventually neurodegenerative diseases [5] . In addition, the mammal PFP perforin-2, which is homologous to bacterial CDCs, is involved in the defense against microbes [6] . Recently, six new members of aerolysin family have been identified from eukaryotes: the mushroom Laetiporus sulphureus lectin (LSL) [7] , the Brazilian tree Enterolobium contortisiliquum enterolobin [8] , the green hydra Chlorohydra viridissima hydralysins [9] , the earthworm Eisenia foetida lysenin [10] , the snail Biomphalaria glabrata biomphalysin [11] , and the frog Bombina maxima bc-CAT [12] . These eukaryotic aerolysin members either serve as defense molecules to fight against pathogens or parasites [11, 12] or assist the animal in prey disintegration as in the case of hydralysins [13] .
In past decades, the water-soluble pre-form structures of a lot of prokaryotic aerolysin members [14, 15] and two eukaryotic members [7, 10] have been reported. Structural analyses indicated that they all share a conserved aerolysin fold, usually fused with various receptor-binding domains (RBDs). The RBD determines the specificity toward the target cell, whereas the aerolysin fold contributes to the pore formation [14] . To date, most structural information for the oligomeric pre-pore/pore state and related conformational changes are restricted in the bacterium Aeromonas hydrophila aerolysin [16] . It is synthesized and initially secreted as an inactive dimeric precursor termed proaerolysin [17] , which is eventually activated via proteolysis of the C-terminal peptide [18] . Upon RBD specifically binding to the host glycosylphosphatidyl inositol-anchored proteins, the mature form undergoes drastic conformational changes and oligomerizes into a heptameric quasipore on the membrane [16] . Each subunit of the heptamer contributes an amphipathic loop/hairpin to form a 14-stranded b-barrel that inserts into the membrane [19] . Based on the crystal structure of water-soluble dimer and the reconstructed structure of membrane-bound heptamer, a putative model of aerolysin pore formation was proposed [20] , which was, however, challenged by succeeding biochemical data [19, 21] . Afterward, Degiacomi et al hypothesized a swirling membrane-insertion mechanism, based on the pre-pore and quasi-pore structures in addition to molecular dynamics (MD) simulations [16] . Nevertheless, the molecular mechanism of receptor recognition and pore formation for eukaryotic aerolysin members remains largely unknown.
Bioinformatic analysis revealed that the zebrafish Danio rerio encodes 16 hypothetical aerolysin-like isoforms [22] , which share a 55-98% sequence identity between isoforms over the full-length protein of~300 residues. Moreover, these isoforms share a sequence identity of~60% to catfish and lamprey natterin-like proteins, which are hypothetical defense molecules against predators [23, 24] . Here, we report the structures of one isoform (NCBI: NP_001013322.1), termed Dln1, in both water-soluble dimeric form (at 1.86 Å ) and membrane-bound octameric form (at 20 Å ) using X-ray crystallography and electron microscopy (EM), respectively. Crystal structure reveals that each subunit of Dln1 dimer contains an N-terminal b-prism lectin module and a C-terminal aerolysin module, providing the first structural information of a vertebrate aerolysin. The lectin module specifically recognizes the high-mannose glycans that contain a non-reducing terminus of Mana1-2Man or Mana1-3Man, whereas the aerolysin module is responsible for pore formation. The EM structure of membrane-bound octamer presents a quasi-pore state, revealing drastic conformational changes compared with the water-soluble dimer. Combined with MD simulations and biochemical analyses, we propose a putative model for the pore formation of the first vertebrate aerolysin member. Moreover, like human immune protein ZG16p [25] and cyanobacterial anti-HIV protein cyanovirin-N [26] , Dln1 also displays a very high affinity toward yeast mannan and gp120 of HIV, suggesting its potential role of defense in zebrafish immune system. These findings increase our knowledge on how a eukaryotic aerolysin-like protein functions as a novel defensive weapon.
Results

Overall structure of the dimeric Dln1
Using the method of single-wavelength anomalous dispersion, we determined the structure of Dln1 at 1.86 Å resolution (Table EV1) . Each asymmetric unit contains a homodimer, the two subunits of which pack against each other in an antiparallel mode with two symmetric dimeric interfaces (Fig 1A) , leading to a total buried area of 1,420 Å 2 per subunit. Each dimeric interface is mainly stabilized by 10 hydrogen bonds and one salt bridge (Fig 1B) . In fact, Dln1 also exists as a dimer in solution, which was further proved by disulfide-bond cross-linking of the double-mutant S210C-E244C (for more details, see Appendix Fig S1 and legend) . Each subunit, which adopts an elongated shape of 105 × 24 × 24 Å 3 , folds into two discrete modules (Appendix Fig   S2A) . The N-terminal module containing three 4-stranded b-sheets adopts an approximately threefold symmetric b-prism I lectin fold, thus termed lectin module. Structural comparison against the DALI database [27] revealed that this module is most similar to jacalinrelated mannose-binding lectins, such as banana Musa paradisiac lectin Banlec [28] (PDB 3MIT), red alga Griffithsia griffithsin [29] (PDB 3LL0), Jerusalem artichoke Helianthus tuberosus heltuba [30] (PDB 1C3K), and human immune protein ZG16p [31] (PDB 3VY7), with a Z-score of 16-28 and a root-mean-square deviation (RMSD) of 1.8-1.9 Å over~130 Ca atoms, despite sharing a very low sequence homology. The C-terminal module is composed of two distinct b-sandwiches. The b-sandwich at the middle moiety consists of five twisted antiparallel b-sheets with an amphipathic hairpin on one side, whereas the C-terminal b-sandwich comprises a threestranded antiparallel b-sheet packing against a two-stranded one A B C Figure 1 . Overall structure of Dln1 dimer.
A Cartoon representation of the Dln1 dimer (PDB 4ZNO). Subunit A is colored in gray. The lectin module of subunit B is colored in yellow, whereas the middle and C-terminal moieties of the aerolysin module are colored in hot pink and green, respectively. The pre-stem hairpin is colored in blue. The bound sucrose molecules are shown as light pink sticks. B The dimeric interface. Residues involved in dimeric interactions are shown as sticks. C Multiple-sequence alignment of the pre-stem hairpin (the putative transmembrane region) from different aerolysin members. The members include Dln1, the earthworm Eisenia foetida lysenin, the mushroom Laetiporus sulphureus lectin (LSL), and Aeromonas hydrophila aerolysin. The alignment is generated according to the alternating pattern of hydrophilic and hydrophobic residues by GeneDoc. The hydrophilic and hydrophobic residues are marked in hot pink and gray, respectively.
( Fig 1A) . Structural comparison revealed that it resembles aerolysin family proteins, thus we termed it aerolysin module. The top hits include L. sulphureus lectin LSL [7] (PDB 1W3A, Z-score 11.6, RMSD 3.07 Å over 148 C a atoms) and A. hydrophila aerolysin [20] (PDB 1PRE, Z-score 5.0, RMSD 3.53 Å over 140 C a atoms). Similar to previously identified aerolysin members, Dln1 also has a conserved aerolysin fold (Appendix Fig S2B) and an amphipathic pre-stem hairpin that forms the b-barrel [19] . Notably, the aerolysin members share a very low sequence homology, but the pattern of alternative hydrophilic and hydrophobic residues in the pre-stem hairpin is well conserved (Fig 1C) . Remarkably, structural superposition revealed that the strands b15 and b16 buried at the dimeric interface of Dln1 correspond to the b-strands covered by the C-terminal peptide in A. hydrophila aerolysin (Fig EV1) . This C-terminal peptide, whose proteolysis triggers the activation process, was proposed to protect A. hydrophila aerolysin from pore formation by blocking the residues involved in the oligomerization [16] . We speculated that the dimerization of water-soluble Dln1 may provide an alternative mechanism to keep it from oligomerization before binding to the receptor.
Sugar-binding specificity of the lectin module
The lectin module is structurally similar to the jacalin-related mannose-binding lectins, the sugar-binding site of which is usually made up of three exposed loops, termed GG, binding, and recognition loop, respectively [32] . The primary sugar-binding site composed of GG and binding loops are relatively conserved among jacalin-like lectins, whereas the substrate-specific recognition loops vary a lot [33] . In our structure (PDB 4ZNO), the putative sugarbinding site of lectin module is partly occupied by a sucrose, which was used as the cryoprotectant. The residues Gly131, Ser132, Asp133, and Asp135 in the binding loop and Gly15 in the GG loop create a hydrogen bond network with the non-reducing sugar, whereas only one residue Arg87 in the recognition loop has contacts with the reducing sugar (Fig 2A) . Notably, Dln1 also possesses a highly conserved G 131 XXXD 135 motif, similar to other b-prism lectins [32] , indicating that the key residue Asp135 is indispensable for sugar binding.
To define the specific saccharide that binds to Dln1, we applied fluorescein isothiocyanate (FITC)-labeled Dln1 to the glycan array that contains 609 glycan structures (Mammalian Printed Array version 5.2) at the Consortium for Functional Glycomics (CFG, http://www.functionalglycomics.org). A list of top eight candidate structures with a relative fluorescence unit (RFU) above 20,000 from the screening against 200 lg/ml Dln1 is shown in the Appendix Table S1 . Structural analysis revealed all these eight candidates are high-mannose glycans from Man-3 to Man-9, six glycans among which constitute a part of Man-9 structure (No. 316) except for Man-5 (No. 214). However, the two representative highmannose glycan structures Man-5 (No. 214) and Man-9 (No. 316) share a non-reducing terminus of Mana1-2Man or Mana1-3Man (Fig 2B) .
In consequence, we detected the binding affinity of Dln1 toward the mannobioses Mana1-2Man and Mana1-3Man, respectively (Fig EV2) . Both assays of surface plasmon resonance and isothermal titration calorimetry showed an equilibrium dissociation constant (K d ) of 0.57-1.65 mM comparable to that of b-prism lectin Banlec toward Mana1-3Man [34] . Moreover, we solved the crystal structures of Dln1 in complex with Mana1-2Man and Mana1-3Man at 1.9 and 2.1 Å , respectively (Fig 2C and D) . They both share an overall structure almost identical to that of Dln1 complexed with sucrose, with an RMSD of 0.2-0.4 Å over 730 Ca atoms. In addition, the non-reducing ends of the three disaccharides are stabilized with a same network of hydrogen bonds in the primary sugar-binding site. However, the oxygen atom O2 of the non-reducing mannose of mannobiose has more van der Waals interactions with Dln1 (up to 18-20 atoms in a distance of 3-6 Å ), whereas the glucose O2 atom of sucrose points outward, leading to undetectable binding affinity toward Dln1. Combined with the results of glycan array, we conclude that the lectin module adopts a mannose-specific b-prism I fold that prefers the high-mannose glycans.
Putative binding targets of Dln1
The sugar-binding specificity of Dln1 is reminiscent of the potent virus entry inhibitor cyanovirin-N, which favors the high-mannose glycans (Man-8 and Man-9) of glycoproteins on the envelopes of viruses, such as HIV, Ebola, and influenza [35] . In addition, the homologs of Dln1 lectin module, such as griffithsin and BanLec, have also been proved to be potent anti-HIV proteins thanks to their specific binding to high-mannose glycans of gp120 [29, 36] . Thus, we determined the binding affinity of Dln1 toward the glycosylated gp120 by ELISA, and revealed a K d of about 600 nM (Fig 3A) , indicating that Dln1 might also be a potential antiviral protein.
As we know, the high-mannose glycans also display on the cell wall of some fungal species, such as Saccharomyces cerevisiae and Candida albicans, which possess cell-wall mannans branched by a1-2-and a1-3-linked mannose structures [37] . Therefore, we detected the binding affinity of Dln1 toward yeast mannan and revealed a K d of~80 nM (Fig 3B) . Notably, mutation of the conserved mannose-binding residue Asp135, which contributes two hydrogen bonds to fix O4 and O6 of the non-reducing sugar residue (Fig 2C and D) , almost abolished the binding ability ( Fig 3B) . It implies the primary sugar-binding site, especially the key residue Asp135, is indispensable, in agreement with a previous report [25] . Moreover, binding assays revealed Dln1 specifically adheres to yeast cells and eventually triggers the yeast aggregation ( Fig 3C) . However, we did not observe significant cell death as long as incubation for 48 h. More interestingly, we found that the recovered Dln1 proteins from the aggregated yeast cells are mainly oligomers that could not be dissociated in sodium dodecyl sulfate (SDS) at 95°C (Fig 3D) , indicating that binding to the yeast cell triggers the oligomerization of Dln1. In addition, the sugar-binding residue Asp135 is indispensable for Dln1 binding to yeast cells (Fig 3C and D) , suggesting that Dln1 binds to the yeast cells most likely through specific interactions with the cell-wall sugar components. In fact, the binding of Dln1 to yeast cells could be competitively inhibited by the addition of mannan (Appendix Fig S3) .
The factors that trigger the oligomerization and pore formation of Dln1
Previous reports suggested that oligomerization of PFTs is usually triggered by a couple of processes/factors, including proteolysis [18] , binding to receptors [38] or specific lipids [10] , and
Ning Jia et al Pore-forming steps of zebrafish Dln1 EMBO reports decrease of pH [39] . For example, the A. hydrophila aerolysin undergoes a proteolytic process to remove the C-terminal peptide in prior of oligomerization [18] ; however, a corresponding peptide is missing from Dln1 ( Fig EV1) . Thus, oligomerization of Dln1 should be triggered by a rather different process. To precisely identify the triggering factors, we first analyzed the oligomerization of Dln1 in the presence of mannan or liposomes. In a range of pH values from 7.0 to 9.0, a small fraction of Dln1 formed oligomer in the presence of mannan, whereas the yield of oligomeric Dln1 increased to about fourfold upon the decrease of pH to 6.0 ( Fig 4A and Appendix Fig S4A) . The liposomes composed of DOPC:DOPE:DOPS at a weight ratio of 9:9:2, which mimic the components of yeast membrane [40] , were also able to promote the oligomerization of Dln1 in a pH-dependent manner ( Fig 4A and Appendix Fig S4B) . Furthermore, the liposomes encapsulated by self-quenching carboxyfluorescein were applied to investigate if the oligomerized Dln1 forms a functional transmembrane pore. As shown in Fig 4B, the rate of dye efflux from liposomes displayed a manner dependent on the Dln1 concentration, suggesting that the oligomeric Dln1 indeed penetrated the liposomes. Moreover, upon the decrease of pH from 7.0 to 5.5, the rate of dye release was significantly accelerated (Fig 4C) , in agreement with the pH dependency of Dln1 oligomerization (Fig 4A) . 
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Pore-forming steps of zebrafish Dln1 Ning Jia et al Similar to the previous proposed model of A. hydrophila aerolysin [16, 20] , the water-soluble Dln1 dimer of two antiparallel subunits should be dissociated in prior of oligomerization to allow the alignment of pre-stem hairpins into a b-barrel. According to this hypothesis, the monomeric Dln1 should be able to oligomerize much more easily. Thus, we mutated four residues (Lys171, Ser190, Lys192, and Asn246) at the dimer interface, in addition to the sugarbinding residue Asp135 to avoid the binding of low-yield fourmutant Dln1 to the matrices of Superdex 75 TM (GE Healthcare), all to Ala, resulting in a mutant termed Dln1 M5 for short. In contrast to the wild type, Dln1 M5 does not form an antiparallel dimer, as confirmed by size-exclusion chromatography and the disulfide-bond cross-linking (Appendix Fig S4C) . The circular dichroism spectra indicated that Dln1 M5 shares a profile of secondary structures similar to the wild type and D135A mutant (Appendix Fig S4D) . The yield of Dln1 M5 oligomers increased to about 50% of the input protein upon the pH decrease to 6.0 or 5.5 ( Fig 4D and Appendix Fig S4E) , much higher than that of the wild-type Dln1 in the presence of mannan (Fig 4A) . Moreover, the oligomerization of Dln1 M5 is independent of the presence of liposomes (Fig 4D) . In consistence, Dln1 M5 induced the dye efflux from liposomes at a higher velocity compared to the wild type (Fig 4E) . Thus, dissociation of the antiparallel Dln1 dimer could indeed significantly accelerate the oligomerization and pore formation. Inhibition assays of dye Ning Jia et al Pore-forming steps of zebrafish Dln1 EMBO reports efflux suggested the pores on liposomes have a diameter of~2.8 nm (Fig 4F) , as estimated by the size of PEG 3000 [41] .
The octameric structure of Dln1
To further investigate the structure of the oligomeric state of Dln1 on membrane, we applied EM to examine Dln1 M5 incubated with liposomes. The proteins form well-ordered ring-shaped oligomers of 10 nm in diameter, protruding from liposomes in a square-lattice array (Fig 5A) . The side views of the oligomers on liposomes were selected and aligned by utilizing EMAN [42] . The calculated class averages of the side views of these oligomers exhibit an overturn bowl shape with a diameter of 110-120 Å at the mouth and a height of 60-70 Å (Fig 5B) .
This protein crystalline pattern on the liposomes encouraged us to investigate the oligomeric structure of Dln1 by electron crystallography. Accordingly, we incubated Dln1 M5 solution underneath a phospholipid monolayer with the same composition of the liposomes and examined the formation of 2D crystals. We found that Dln1 M5 readily forms an octameric ring-like structure (Fig 5C) .
Notably, the single-mutant Dln1 D135A also adopts a similar octameric structure on lipid monolayer ( Fig 5D) ; however, we failed to detect the EM structure of the wild-type Dln1. Under the optimal condition, Dln1 M5 forms well-organized 2D crystals with an area of several square micrometers (Fig 5E) . The Fourier transform of EM images of the best 2D crystals have sharp reflection signals at a resolution as high as 20 Å under negative staining conditions. The overall weighted phase residual of the 2D crystals have a smallest value of 16.3°for the P4 space group, indicating that the crystals have a fourfold symmetry (Appendix Table S2 ). Using multiple micrographs of 2D crystals, we calculated the projection density averaging of non-tilted crystals with P4 symmetry and 
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The inhibition of dye release in presence of 0.5 lM Dln1 M5 and 25 mM polyethylene glycols (PEG) of different molecular weights at a fixed pH value of 5.5. Dye efflux was monitored in a period of 1,400 s. Triton X-100 at 0.1% was added to completely disrupt liposomes. Dye efflux was measured as a percentage to the maximal release upon addition of Triton X-100. Carboxyfluorescein was loaded in the liposomes for the detection of dye efflux.
Source data are available online for this figure.
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found that in each unit cell of the 2D crystal, there is a two-tiered structure with a central ring and outer eightfold spokes (Fig 5F) , very similar to the individual octameric rings on the membrane (Fig 5C, inlet) . The outer spokes expand to a diameter of approximately 120-125 Å , whereas the central ring has a diameter of about 27-28 Å . In order to reveal the 3D structure of Dln1 octamer on the phospholipid monolayer, we took EM micrographs of multiple 2D crystals tilted at various angles and performed 3D reconstruction of the 2D crystals at~20 Å resolution. The 3D density shows the octamer assemblies in an octopus shape with eight feet and a centerhollowed body (Fig 5G) . The octamer has an outer diameter of 125 Å and a height of 53 Å , whereas the central hollow has a diameter of 38 Å at the gate and 26 Å at the bottom (Fig 5G) , which is comparable to the 2.8-nm diameter of pores on the liposomes (Fig 4F) . In accordance with this model, a stain-excluding density between the "bowl" concave and liposome in the averaged sideview images was observed (Fig 5B) , revealing that the eight feet of Ning Jia et al Pore-forming steps of zebrafish Dln1 EMBO reports octopus stand on the phospholipid monolayer (Fig 5G) , which was not reconstructed in the EM density map. To further model the organization of the octamer, we attempted to dock the atomic structure of water-soluble Dln1 into the EM density map. The whole molecule cannot be fit into the density map, as there should be a major conformational change of Dln1 upon insertion into the membrane. We therefore performed docking of the individual modules of Dln1 separately. It is hypothetical that the lectin module is fit into the 3D map, with the sugar-binding surface facing the membrane (Fig 6A) , whereas the aerolysin module cannot be fit in the map. It is therefore very likely that drastic conformational changes happen in the aerolysin module that comprises the side wall and mouth of the center-hollowed body of the octopus. This is in agreement with the high flexibility of the aerolysin module that possesses a significantly higher crystallographic B-factor (Fig 6B) . The docked model showed that the membrane-bound octamer is composed of eight Dln1 subunits, which are aligned in parallel (Fig 6A) , rather than antiparallel in the water-soluble dimeric form. Mass spectrometry analysis of the cross-linked Dln1 in solution also indicated the intermolecular interactions between some symmetric residues pairs, such as K182-K182 0 , K186-K186 0 , and K313-K182 0 (Appendix Fig S5) . These results strongly suggested that the oligomerization of Dln1 should be initiated with the dissociation of the antiparallel dimer followed by alignment of resulting monomers in parallel. Meanwhile, the prestem hairpin of each monomer should be extracted and twisted into a 16-stranded b-barrel (Fig 6A) . However, in the reconstructed octamer structure, the center hollow has not completely penetrated the membrane to form a mature pore.
To mimic the details of conformational changes during pore formation, we performed 100-ns MD simulations for the monomeric apo-form and pre-stem hairpin extraction form, respectively. With the lectin module superimposed, the backbone RMSD values of the aerolysin module in pre-stem hairpin extraction form are generally higher than 10 Å , and even reach 25 Å during MD simulation. In contrast, the RMSD values of the monomeric apo-form are maintained at a level lower than 10 Å (Appendix Fig S6) . These results suggested that the aerolysin module displays a remarkable flexibility especially upon extraction of the pre-stem hairpin. From each form, 200 representative snapshots with equal time intervals out of the trajectory were superimposed against the original Dln1 structure with the lectin module aligned. Consistent with the EM octamer structure, the superpositions also revealed that large conformational changes make the aerolysin module to bend toward the lectin module upon the extraction of the pre-stem hairpin (Fig 6C) . In contrast, the A. hydrophila aerolysin module flattens with respect to the RBD to a position almost parallel to the membrane during the pre-pore/pore transition, accompanied by a vertical collapse of A B C 
Pore-forming steps of zebrafish Dln1 Ning Jia et al the heptamer [16] . The different action modes of the conserved aerolysin module might be due to the diverse RBDs. Together, these findings provide insights into how a eukaryotic aerolysin protein assembles into a pore/quasi-pore.
Discussion
Previous studies on the structure and mechanism of aerolysin family have been focused on the bacterial members [14] . A recent report of the bacterial aerolysin structures has proposed a swirling membrane-insertion mechanism, in which the antiparallel dimers undergo conformational changes to oligomerize into the heptamer, accompanied with a vertical collapse of the complex on the membrane [16] . Proteolysis of the C-terminal peptide initiates the activation process, which includes dissociation of the antiparallel dimer followed by oligomerization and pore formation [16] . However, as the Dln1 lacks a corresponding C-terminal peptide, it should undergo a rather different activation process prior to pore formation.
A putative model for the pore formation of Dln1
Here, we report the first couple of structures of a vertebrate aerolysin-like protein from the zebrafish D. rerio, in the water-soluble dimeric form and membrane-bound octameric form. Structural analysis in combination with MD simulations, site-directed mutagenesis, and biochemical assays enable us to have a global view of the allosteric mechanism of a eukaryotic aerolysin protein during pore formation (Fig 7) . Upon binding to mannan, a small fraction of Dln1 dimeric proteins form SDS-resistant oligomers in a pH-dependent manner (Fig 4A) . The Dln1 structure at pH 5.3 (PDB 5DI0) revealed a hydrogen bond between the residues Glu169 and His264 (Fig EV3A) , with the side chains of which orientate differently compared to the structure of Dln1 at pH 7.5 (PDB 4ZNQ). Moreover, in presence of mannan the oligomerization of the double-mutant Dln1 E169A-H264A is independent of pH decrease (Fig EV3B) . It is possible that the protonation of His264 at acidic pH induces the formation of the hydrogen bond between Glu169 and His264, and eventually promotes the Dln1 oligomerization, in agreement with the previous report of Buckley et al [39] . Thus, the process of pore formation is most likely triggered by the recognition of Dln1 lectin module to the glycosylated extracellular receptors on the target cells, which could be accelerated at a microenvironment of relative lower pH and enriched of lipid in the physiological conditions. However, the fact that Dln1 recovered from yeast cells are mainly oligomers strongly indicates there is a missing trigger for the Dln1 oligomerization in vivo. Upon binding to the receptor, the antiparallel dimer undergoes drastic conformational changes to dissociate into transient monomers. Indeed, altering the dimeric interface could significantly promote the oligomerization of Dln1, and moreover, the monomers can autonomously oligomerize independent of binding to mannan/ lipid (Fig 4D) . Mass spectrometry analysis of chemically crosslinked Dln1 M5 in solution revealed intermolecular interactions between the aerolysin modules (Appendix Fig S5) , which are initially buried at the dimer interface of water-soluble form (Fig EV1) . These results strongly suggest the oligomerization of Dln1 needs the dissociation of the antiparallel dimer, which may protect the protein from oligomerization before binding to its receptor. It provides an alternative mechanism distinct from the activation mechanism adopted by the previously reported bacterial aerolysins [14] . After the dissociation of antiparallel dimer, the transient monomers adhered to the exposed glycans of the receptors should be aligned in parallel, as seen from the final octamer EM structure (Fig 5G) , and proved by cross-linking of a couple of intermolecular residue pairs, such as K182-K182 0 , K186-K186 0 , and K313-K182 0 (Appendix Fig S5) . Eventually, the parallel aligned Dln1 monomers recruited at the same locus form an octameric pre-pore, different from the heptameric pre-pore of A. hydrophila aerolysin [16] . Following the extraction of the pre-stem hairpins, which constitute a twisted b-barrel in a microenvironment enriched of lipid, the protruding aerolysin module of Dln1 gets bent and forms an octopus-like structure (Fig 5G) . Finally, eight Dln1 monomers form a Ning Jia et al Pore-forming steps of zebrafish Dln1 EMBO reports pore that penetrates the target membrane, as seen from the side view of pores on liposomes (Fig 5B) . In contrast to that in the pre-pore state, the pre-stem hairpin of A. hydrophila aerolysin in the quasi-pore state is extracted, leading to the high flexibility and eventually vertical collapse of the aerolysin module [16] . As shown in the octopus-like EM structure (Fig 6A) , the collapsed aerolysin module of Dln1 constitutes a part of the side-wall and mouth of the center-hollowed body. Moreover, the 26-Å inner diameter of the pore-like density is comparable to the 2.8-nm transmembrane pore on the liposomes (Fig 4F) and the 25.5-Å b-barrel in diameter of c-hemolysin octameric pore [43] , indicating that this pore-like density is most likely composed of the pre-stem hairpins of Dln1. In addition, the lipid is able to induce the pore formation; however, due to limit of the thickness of lipid monolayer, the center hollow has not completely penetrated the membrane to form a pore. Thus, we propose the membrane-bound Dln1 octamer structure represents a quasi-pore.
Dln1 and isoforms may play a defense role
The specific affinity of Dln1 toward high-mannose glycans, which are abundant on the surface of virus and fungi [35, 37] , strongly hints its putative defense role. In fact, the homologs of Dln1 lectin module are widespread in plants, and moreover, some of these lectins such as heltuba and griffithsin have been proposed to defend against the invaders of plants [30, 44] . Another homolog, the human ZG16p, exhibits high affinity toward the mannan of yeast and pathogenic fungi and has been suggested to attack the invading pathogens in the digestive system [25] . Similar to its homologs in catfish and lamprey [23, 24] , Dln1 might be also a defense molecule in zebrafish, most likely via forming a transmembrane pore on the target cells similar to the previously reported mammal perforin-2 [6] .
A previous phylogenetic analysis has suggested that the aerolysin modules of zebrafish Dlns and A. hydrophila aerolysin share a same evolutionary origin [22] . More interestingly, the zebrafish suffers the infection of the aquatic bacteria A. hydrophila, the aerolysin of which is one of the most important virulence factors [45] . Thus, we speculate that the aerolysin fold of zebrafish might evolve from the bacterial orthologs. In addition, gene duplication enables the zebrafish genome to harbor as many as 16 isoforms (termed Dln1~16) that share a sequence identity of 55-98% among each other.
In conclusion, here we report the first pair of structures of a vertebrate aerolysin member: the water-soluble dimeric pre-form and the membrane-bound octameric quasi-pore. In combination with a series of site-directed mutagenesis and structure-based computational simulations, we propose a pore-forming process with an activation mechanism distinct from the bacterial members. Our findings also provide insights into a putative immune defense molecule universally utilized by all bony fishes and lamprey.
Materials and Methods
Crystallization and structure determination
The gene (NP_001013322.1) encoding Dln1 was synthesized in Sangon biotech, using an Escherichia coli codon preference table and then cloned into the expression vector pET28a with an N-terminal His 6 -tag. The wild-type Dln1 and all mutants were overexpressed in Escherichia coli strain BL21 (DE3) and seleniumselenomethionine (SeMet)-substituted Dln1 was overexpressed in E. coli B834 (Novagen). All the proteins were purified with Ni-NTA affinity chromatography followed by gel filtration and analyzed by the circular dichroism spectroscopy with a Jasco-810 spectropolarimeter (Jasco, Easton, MD). All crystals were obtained by hanging-drop diffusion at 16°C. Crystals of the SeMet-substituted protein were obtained from 11% (w/v) polyethylene glycol (PEG) 4000, 0.1 M magnesium chloride, 0.1 M sodium citrate, pH 5.0. The crystal of Dln1-sucrose complex was obtained from 8% (w/v) PEG 6000, 1.0 M lithium chloride, 0.1 M HEPES, pH 7.0, using 30% sucrose supplemented with the reservoir solution as the cryoprotectant. The crystals of Dln1 in complex with Mana1-2Man and Mana1-3Man were obtained by cocrystallization of Dln1 with 100 mM mannobiose against 15% (w/v) PEG 6000, 1.0 M lithium chloride, 0.1 M HEPES, pH 7.5, respectively. The crystal at acidic pH was obtained from 12% (w/v) PEG 4000, 0.2 M ammonium acetate, 0.1 M sodium acetate pH 4.0, and the final pH of the drop is 5.3. After flash-freezing at 100 K in a liquid nitrogen stream, data were collected using beamline 17U with a Q315r CCD (ADSC, MARresearch, Germany) at the Shanghai Synchrotron Radiation Facility (SSRF). The initial model was determined by single-wavelength anomalous dispersion (SAD) phasing method [46] . The AutoSol program implemented in PHENIX [47] was used to locate selenium atoms and to calculate the initial phases, yielding FOM and BAYES-CC values of 0.35 and 42.19, respectively. The initial electron-density maps showed clear features of secondary-structural elements, permitting the building of about 80% of the structure in PHENIX, yielding a model CC of 0.79. The refinement was performed with REFMAC5 [48] and COOT [49] . All final models were evaluated with the program MOLPROBITY [50] . The crystal structures have been deposited in the Protein Data Bank under the PDB entry codes of 4ZNO, 4ZNQ, 4ZNR, and 5DI0. Crystallographic parameters were listed in Table EV1 . All structure figures were prepared with PyMOL (http://www.pymol.org/).
Glycan chip assay
Purified Dln1 was labeled with fluorescein isothiocyanate (FITC) following the manufacturer's instructions (Sigma). FITC-labeled Dln1 was sent to the Consortium for Functional Glycomics for analysis against 609 glycans on the mammalian glycan screen version 5.2 in replicates of 6. The FITC-labeled Dln1 was used at a concentration of 2, 20, and 200 lg/ml for screening, respectively, following the CFG protocol at http://www.functionalglycomics.org.
Surface plasmon resonance (SPR) assays
All SPR experiments were performed in phosphate-buffered saline (PBS), pH 7.4, at 25°C using a Biacore 3000 instrument (GE Healthcare). Solutions with different concentrations of mannobiose were serially injected for 2 min over the sensor chips CM with immobilized protein and the blank at the flow rate of 30 ll/min. Then, the sensor chip surface was regenerated after washing for 3 min with PBS. The specific binding data were fitted with the liner fit and steady-state affinity mode using the Biacore evaluation software.
Isothermal titration calorimetry (ITC) assays
The purified Dln1 proteins were exhaustively dialyzed against PBS buffer, pH 7.4. The data were collected on MicroCal iTC200 titration microcalorimeter (GE Healthcare) at 25°C by injecting an initial 0.4 ll aliquot and the following 19 consecutive 2 ll aliquots. The 200 ll Dln1 proteins at a concentration of 80 lM was loaded into the sample cell while the injection syringe was loaded with 40 ll of different disaccharides at a concentration of 15 mM.
Binding of Dln1 to yeast mannan and gp120 of HIV
The mannan and gp120 binding assays were carried out as described previously [26] . About 50 ll S. cerevisiae mannan (Sigma) and glycosylated gp120 (enzyme) at a concentration of 40 and 2 lg/ml in PBS buffer, pH 7.4, were used to coat the microplate, respectively. About 100 ll of 0.5-log serial dilutions of Dln1 was added into triplicate wells and incubated at 25°C for 3 h; BSA was used as the control. The 1:5,000 diluted anti-Dln1 polyclonal antibody raised in core facility center of Wuhan Institute of Virology and HRP-conjugated goat anti-rabbit IgG (W401B, Promega) were employed to detect the binding Dln1. The wells were washed five times with PBST (PBS, pH 7.4, supplemented with 1% Tween-20) between every two steps to remove the remaining protein and antibody. The EL-P-NPP Chromogenic Reagent Kit (Sangon biotech) was applied to monitor the absorbance at 405 nm using an ELX800 Universal Microplate Reader (Bio-Tek Instruments, Inc.). The yeast cells incubated with Dln1 or the D135A mutant were analyzed by 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting using 1:5,000 diluted anti-Dln1 polyclonal antibody raised in core facility center of Wuhan Institute of Virology, and HRP-conjugated goat anti-rabbit IgG (W401B, Promega).
Binding of Dln1 to yeast cells
Dln1 oligomerization and dye leakage assays
The liposomes composed of DOPC, DOPE and DOPS at a ratio of 9:9:2 in weight were prepared as described previously [51] . Dln1 at 0.35 mg/ml was incubated with the liposomes at 0.17 mg/ml or mannan at 1.5 mg/ml in the buffer of different pH values at 25°C for 1 h to allow oligomerization. Then, the protein samples were separated on 10% SDS-PAGE. The comparative gels were processed in parallel. All results were repeated for three times. The same procedure was used for the Dln1 mutants as mentioned above. The oligomer band was quantified by ImageJ software (http://imagej. nih.gov/ij/) with the average of triplicate detections, using the marker band as a sample processing control. For dye leakage assays, release of carboxyfluorescein (Sigma) from carboxyfluorescein-loaded liposomes (10 lM lipids) was measured over time on a spectrofluorometer (F-2700, Hitachi) with an excitation and emission wavelength of 480 and 517 nm, respectively. The assays were performed in the buffer of different pH values. The buffer contained 100 mM NaCl and 50 mM of one of the following buffers: MES in the pH range of 5.5-6.0, Tris-Cl for pH values 7.0-8.0, and bicine pH 9.0.
Negative-stain electron microscopy
Liposomes at 0.2 mg/ml were incubated with 0.4 mg/ml Dln1 M5 at 25°C for 2 h. The samples were stained with uranyl acetate solution (~2% w/v) and examined by the FEI Tecnai 12 electron microscope with an accelerating voltage of 120 kV at appropriate magnification and defocus. The electron micrographs were recorded on Gatan US4000 4Kx4K CCD.
Generation of 2D crystal on lipid monolayer
The Dln1 M5 or Dln1 D135A at 0.2 mg/ml in 100 mM NaCl, 50 mM MES, pH 5.5, was pipetted into the Teflon block wells, and~1 ll phospholipid mixture (DOPC:DOPE:DOPS with weight ratio of 9:9:2) at 0.1 mg/ml was placed on the top of Dln1 solution. After incubation at 4°C for 5-6 days, the 2D crystals of Dln1 together with lipid monolayer would be absorbed onto the EM grid. The negatively stained samples were examined in the same manner as liposomes. The electron micrographs were recorded on a Gatan US4000 4Kx4K CCD.
3D reconstruction and docking
In total, 45 images with tilt angles ranging from 0 to 40°were processed in 2dx software package, based on the MRC program [52, 53] . For each single-image processing in 2dx_image, projection map was generated by MRC and CCP4 programs and tilt angle was determined by program CTFTILT. With ALLSPACE employed, the space group was identified as P4 (Appendix Table S3 ). In order to reconstruct the 3D structure, the tilted images were aligned in 2dx_merge according to their angles. Ultimately, the overall weighted phase residual for P4 symmetry is 16.3°out to 20 Å resolution (Appendix Table S2 ), while the overall weighted R factor is 0.228 (< 0.4), which are well acceptable in 2dx software system. The EM density map has been deposited in the Electron Microscopy Data Bank under the accession number of EMD-3244. The 6 Å resolution maps for the eight lectin domains were simulated from the X-ray crystal model (4ZNO) and then docked into the 20 Å resolution EM map in UCSF Chimera [54] , and subsequently, the docking result was refined by fit-in-map command to make it nicely fitted, with cross-correlation coefficient (CCC) of 0.79.
Molecular dynamic (MD) stimulation
MD simulations were performed for monomeric Dln1 in the apoform (PDB 4ZNO) and the pre-stem loop extraction state, respectively. The apo-form structure was taken from (PDB 4ZNO), while the structure of the pre-stem loop extraction state was obtained from the apo-form structure by rigid-body modeling with the xplor-NIH package [55, 56] . Simulations were performed using the GROMACS-4.5.5 package [57] and the Amber03 force field [58] . The systems were placed in a TIP3P [59] water-filled dodecahedral box with 115 Na + and 116 Cl À ions to neutralize the systems and to create an ionic concentration of 0.15 M. The other parameters were the same as those in the canonical MD simulation of human vinculin in the work of Peng et al [60] . The production run for each simulation was 100 ns. Structure visualization was performed with VMD [61] .
Cross-linking mass spectrometry (CXMS) with a molar ratio of 1:50) at room temperature for 1 h. As previously described [62] , after being quenched with 20 mM NH 4 HCO 3 , the resulting products were precipitated and digested with trypsin. The LC-MS/MS analysis was performed on an Easy-nLC 1000 HPLC coupled to a Q Exactive-Orbitrap mass spectrometer (Thermo Fisher Scientific) [62] . Cross-linked 14 N-peptides were identified using pLink [63] with a FDR of 5% and E-value < 0.001. We also required the cross-linked site pairs to have a best E-value < 1 × 10
À8
. Intermolecular cross-links were determined as previously described [64] [65] [66] . Through manual evaluation, a cross-linked site pair was assigned to be inter-molecular ones when the intensities of its 14 Expanded View for this article is available online.
